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Abstract 
Murine leukemia L1210 cells rendered eficient in glutathione peroxidase (GPX) and phospholipid hydroperoxide glutathione 
peroxidase (PHGPX) by Se deprivation (L. Se( - )  cells) were found to be more sensitive to ten-butyl hydroperoxide (t-BuOOH) 
cytotoxicity than Se-replete controls (L • Se(+) cells). Human K562 cells, which express PHGPX, but not GPX, were also more sensitive 
to t-BuOOH in the Se-deficient (K. Se( - ) )  than Se-satisfied (K. Se( + )) condition. In examining the metabolic basis for selenoperoxi- 
dase-dependent resistance, we found that glucose-replete S ( - ) cells reduce t-BuOOH to t-butanol far more slowly than Se( + ) cells, the 
ratio of the first-order rate constants approximating that of the GPX activities (L1210 cells) or PHGPX activities (K562 cells). Monitoring 
peroxide-induced changes in GSH and GSSG gave consistent results; e.g., glucose-depleted L • Se(+) cells exhibited a first order loss of 
GSH that was substantially faster than that of glucose-depleted L •Se( - )  cells. Under the conditions used, peroxide-induced conversion 
of GSH to GSSG could be stoichiometrically reversed by resupplying D-glucose, indicating that no significant lysis or GSSG effiux 
and/or interchange had taken place. The apparent first-order rate constant for GSH decay increased progressively for L1210 cells 
expressing a range of GPX activities from ~ 5% to 100%, demonstrating that peroxide detoxification is strictly dependent on enzyme 
content. The initial rate of JLCO2 release from D-[1-JaC]glucose supplied in the medium was much greater for L- Se(+) or K. Se(+) 
cells than for their respective Se( - )  counterparts, consistent with greater hexose monophosphate shunt activity in the former. These 
results highlight he importance of selenoperoxidase action in the glutathione cycle as a means by which tumor cells cope with 
hydroperoxide stress. 
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1. Introduction 
Eucaryotic cells express two types of intracellular 
GSH-dependent selenoperoxidase: glutathione peroxidase 
(GPX) and phospholipid hydroperoxide glutathione peroxi- 
Abbreviations: DFO, desferrioxamine; GPX, glutathione peroxidase; 
Hepes, N-(2-hydroxyethyl)-piperazine-N'-(2-ethanesulfonic acid); HMS, 
hexose monophosphate shunt; K Se( - ) and K- Se( + ), K562 cells grown 
under selenium-deficient a d selenium-sufficient conditions, respectively; 
L. Se( -  ) and L. Se( + ), L1210 cells grown under selenium-deficient a d 
selenium-sufficient conditions, respectively; LCs0, 50% lethal concentra- 
tion; PHGPX, phospholipid hydroperoxide glutathione peroxidase; RPMI, 
Roswell Park Memorial Institute; SePX, selenoperoxidase; t-BuOH, tert- 
butyl alcohol; t-BuOOH, tert-bucyl hydroperoxide. 
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dase (PHGPX) [1,2]. The general reaction catalyzed by 
these enzymes, and also by certain non-selenium GSH-S- 
transferases [3], is shown in Eq. (1), where ROOH denotes 
a hydroperoxide and ROH 
ROOH + 2GSH ~ ROH + H20 + GSSG (1) 
NADPH + H++ GSSG ~ NADP+ + 2GSH (2) 
its alcohol reduction product. Regeneration of GSH is 
catalyzed by GSSG-reductase, which uses NADPH as a 
two-electron reductant (Eq. (2)). The NADPH is typically 
derived from hexose monophosphate shunt (HMS) activity. 
GPX, a homotetramer of molecular mass ~ 82 kDa, exists 
in the cytosolic and mitochondrial matrix compartments 
and acts on relatively polar peroxides uch as H20 2 and 
fatty acid hydroperoxides, but not lipid hydroperoxides 
[4,5]. PHGPX, a monomer of molecular mass ~ 20 kDa, 
is found in cytosolic and membrane-associated forms [1,6] 
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and can act on a wide variety of peroxides, including lipid 
hydroperoxides in membrane and lipoprotein environments 
[6-8]. Animals can be rendered selenoperoxidase-deficient 
by restricting their dietary supply of Se [4]. Cultured cells 
are affected similarly by growing in serum-free or serum- 
poor media without Se supplementation [9-11]. We have 
shown that compared with Se-satisfied controls, Se-de- 
prived leukemia cells, which are severely deficient in GPX 
and/or PHGPX activity, are much more sensitive to the 
cytotoxic effects of photodynamic a tion [12,13] or exoge- 
nous peroxides uch as t-butyl hydroperoxide [14] and 
cholesterol hydroperoxide [15]. Correspondingly, the defi- 
cient cells accumulate markers of oxidative damage more 
rapidly than controls, e.g., lipid hydroperoxides and thio- 
barbituric acid-reactive compounds. These findings suggest 
that GPX and/or PHGPX play(s) a critical role in cellular 
defense against peroxidative stress. To broaden our under- 
standing of how selenoperoxidase-mediated cytoprotection 
takes place within the framework of the glutathione cycle, 
we have examined GSH metabolism and HMS activity in 
Se-deficient vs. Se-sufficient cells exposed to a t-butyl 
hydroperoxide stress. The effects of Se-deficiency have 
been compared for two tumor lines: murine leukemia 
L1210 cells, which express both GPX and PHGPX, and 
human leukemia K562 cells, which express only PHGPX. 
2. Materials and methods 
2.1. Chemicals and reagents 
Murine lymphocytic leukemia L1210 cells (ATCC 
CCL-219) and human myelogenous leukemia K562 ceils 
(ATCC CCL-243) were obtained from the American Type 
Culture Collection (Rockville, MD). Sigma Chemical Co. 
(St. Louis, MO) supplied the following: D-glucose, GSH, 
GSSG, NADPH, benzamide, heptanesulfonic a id, 5,5'-di- 
thiobis(2-nitrobenzoic acid), yeast GSSG-reductase, sodium 
selenite, RPMI-1640 medium, insulin, transferrin, peni- 
cillin, streptomycin, D-[1-14C]glucose (7.0 mCi/mmol), 
and D-[6-14C]glucose (59.0 mCi/mmol). Fetal calf serum 
(FCS) was obtained from Hyclone Laboratories (Logan, 
UT). Aldrich Chemical Co. (Milwaukee, WI) provided the 
sod ium perch lorate ,  metaphosphor ic  acid, 
monochloroacetic a id, t-butyl hydroperoxide (t-BuOOH) 
and t-butyl alcohol (t-BuOH). HPLC-grade chromato- 
graphic solvents were obtained from Burdick and Jackson 
Corp. (Muskegon, MI). All aqueous olutions were pre- 
pared with deionized, glass-distilled water. 
2.2. Cell culture 
L1210 and K562 cells were grown in continuous us- 
pension culture, using 10% FCS in RPMI-1640 medium 
supplemented with transferrin (5 /zg/ml), insulin (10 
/zg/ml), streptomycin (100 /zg/ml), penicillin (100 
U/ml), and sodium selenite (Na2SeO 3, 10 ng/ml or 58 
nM) [13]. In anticipation of SePX modulation, and realiz- 
ing that serum is a major source of selenium in culture 
media, we weaned cells gradually from 10% FCS to 1% 
FCS in RPMI medium containing all of the above addi- 
tives [12,13]. When adapted to 1% FCS, the cells were 
either taken off Na2SeO 3 completely or given the com- 
pound in increasing concentrations up to 25 ng/ml (145 
nM). L1210 cells expressing minimal and maximal SePX 
activity after growing for at least 2 weeks without and with 
added Na2SeO 3 (10 ng/ml) are referred to as L.  Se( - )  
and L -Se(+) ,  respectively. Similarly, K562 cells grown 
under the same extremes are designated K. Se( - )  and 
K- Se(+). Re-seeding into fresh medium was carried out 
every 2 days. All experiments and determinations were 
performed on logarithmically growing cells. Values for 
total protein, as determined by Lowry assay [16] were as 
follows: 6.4 ± 0.5 mg/108 LI210 cells (mean _+ S.D., n 
= 4); 22.5 _+ 2.0 mg/108 K562 cells (mean ± S.D., n = 
4). Cell viability was determined by trypan blue exclusion 
assay [17] and by clonogenic assay [18]. 
2.3. Enzyme determinations 
For determination f selenoperoxidase activities, 5-10.  
107 cells were centrifuged at 850 × g for 5 min and the 
recovered pellets were mixed with Triton X-100 and EDTA 
at final concentrations of 2.5% and 3 mM, respectively. 
Any nonsolubilized material was removed by centrifuga- 
tion, and the supernatant solutions were analyzed immedi- 
ately for GPX or PHGPX activity, using GSH, GSSG-re- 
ductase, NADPH, and t-BuOOH (for GPX) or photoperox- 
idized egg phosphatidylcholine (for PHGPX). Duplicate 
samples were analyzed for protein content. One unit of 
activity is defined as the amount of enzyme catalyzing the 
oxidation of 1 nmol of NADPH per min at 37 °C, as 
measured by the decay in A340. Other details have been 
reported elsewhere [13]. 
2.4. Oxidative challenge 
Experiments involving measurements of GSH oxidation 
during peroxide challenge were carried out on glucose-de- 
pleted cells. Immediately before treatment, cells were 
washed twice with glucose-free medium (10 mM 
Hepes/140 mM NaC1, pH 7.4), resuspended in this 
medium at a concentration of 5.0. 106/ml and incubated 
for 1 h at 37°C to deplete glucose stores. The cells were 
then transferred to a thermostatted beaker and challenged 
with t-BuOOH. Unless indicated otherwise, the initial per- 
oxide concentration was 20/zM and the temperature 20° C. 
These suspensions, along with non-challenged controls, 
were stirred gently and sampled periodically for determina- 
tion of GSH/GSSG, t-BuOOH, or cell viability. In some 
experiments, viability and glutathione levels were deter- 
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mined for cells that had been renourished with D-glucose 
(10 mM) after an interval of peroxide challenge. 
2.5. Glutathione analysis 
GSH and GSSG were separated and determined by 
means of reverse-phase HPLC with dual-electrode electro- 
chemical detection. The analytical procedure was adapted 
from Richie and Lang [19]. Typically, samples containing 
5.0. 10 6 cells were centrifuged at 9800 X g for 10 s; the 
pellets were resuspended in 0.1 ml of ice-cold 10 mM 
Hepes/0.5 mM DFO (pH 7.4) and 0.4 ml of 5% 
metaphosphoric a id was added. After a 15 min incubation 
at room temperature, the suspensions were centrifuged and 
the supernatant solutions recovered for HPLC analysis of 
GSH and GSSG. An Isco integrated HPLC system with 
ChemResearch software was used (Isco, Lincoln, NE). 
Separations were carried cmt on a C18 Ultrasphere column 
(4.6 X 150 mm, 5-/zm particles) from Beckman Instru- 
ments (San Ramon, CA) preceded by a C 18 guard column 
(4.6 X 45 mm) from Alltech Associates (Deerfield, MI). 
The mobile phase consisted of 96% (v /v)  0.1 M 
monochloroacetic a id (pH 3.0) and 4% (v/v)  methanol 
containing 2.0 mM heptanesulfonic a id; it was delivered 
isocratically at a flow rate of 1.1 ml/min. The solvent 
reservoir was continuously sparged with argon that had 
been first passed through a presaturating mobile phase 
scrubber. Detection was carried out anaerobically, using an 
EG&G-Princeton Model 400 electrochemical detector 
equipped with a dual gc,ld amalgamate electrode system 
(Princeton, NJ). The potential of the upstream Au/Hg 
electrode was set at - 1.0 V vs. Ag/AgC1, which effects 
the reduction of GSSG to GSH. The downstream (detect- 
ing) Au/Hg electrode was set at 0.15 V vs. Ag/AgC1, 
which effects the oxidation of GSH to GSSG. The injec- 
tion volume was 20/xl for all samples. Other details were 
as described [ 19]. 
2.6. Enzymatic analysis of t-BuOOH metabolism 
Metabolic reduction of t-BuOOH was assessed by cou- 
pled enzymatic assay, the typical procedure being as fol- 
lows. Cells were washed once and resuspended in growth 
medium to a final concentration of 1.0 - 107 viable cells/10 
ml in 25 cm 2 culture flasks. Peroxide was then introduced 
at a starting concentration of 0.1-0.2 mM. At various 
times during incubation at 37 ° C, 0.5 ml samples were 
centrifuged and the supernatant solutions recovered for 
determination of residual t-BuOOH. Components of the 
coupled assay mixture (1.0 ml) were as follows: 0.1 ml 
sample, 0.2 mM EDTA, 0.1 mM NADPH, 1.0 mM GSH, 
0.5 U /ml  GPX, and 1.5 U /ml  GSSG-reductase in 50 mM 
sodium phosphate buffer (pH 7.4). Decrements in A340 
measured after initiating reactions with GPX were con- 
verted to peroxide concentrations, using an extinction coef- 
ficient of 6.22 mM-  ~ cm - ~ for NADPH. 
2.7. HPLC analysis of t-BuOOH metabolism 
Metabolic reduction of t-BuOOH was also assessed by 
reverse-phase HPLC, using an indirect photometric detec- 
tion method [20]. In this case, it was possible to measure 
both t-BuOOH and its reduction product, t-BuOH, in a 
single injected sample. HPLC was carried out with an Isco 
integrated system equipped with a V 4 variable wavelength 
detector set at 270 nm. An Isco C18 column (4.5 X 250 
mm; 5 /zm particles) was used. The mobile phase con- 
sisted of 4.5% (v/v)  acetonitrile and 0.5 mM benzamide 
in water. The benzamide served as a UV-absorbing 'ion- 
pairing' reagent [18]. Injection volume was 50 /xl. At a 
flow rate of 1.5 ml/min, t-BuOH and t-BuOOH eluted as 
single sharp peaks, typical retention times being 4.75 min 
and 7.60 min, respectively. Quantitation was based on 
response curves obtained with authentic standards. 
2.8. Hexose monophosphate shunt activity 
The flux of glucose through the HMS during peroxide 
challenge was monitored according to published proce- 
dures [21,22], with slight modifications. Cells were washed 
and resuspended in Dulbecco's phosphate-buffered saline 
to which radiolabeled D-glucose was added. Reaction mix- 
tures (10 ml each in 25-cm 2 culture flasks) contained 
1.0' 10 6 cells/ml and 0.01 /xCi/ml D-[1-1ac]glucose or
D-[6-14C]glucose (2.0 mM total glucose). A perforated 
plastic tube attached to the inner top surface of each flask 
with epoxy adhesive served as a holder for a CO2-absorb- 
ing filter paper wick. Immediately before starting an incu- 
bation, the wick was saturated with 0.1 ml of 5% KOH. 
After the addition of t-BuOOH (starting concentration 
0.1-0.2 mM), the flask was sealed with a septum cap and 
placed in the incubator at 37 ° C. Several flasks prepared in 
this manner were incubated for different intervals with 
periodic gentle shaking, after which the reactions were 
terminated by adding 1.0 ml of 3 M HzSO 4 to the cell 
suspension. After a 1 h holding period for collection of 
liberated CO 2, the wicks were removed, placed into scintil- 
lation vials containing 3 ml of complete counting cocktail 
[21], and radioactivity was measured over a 24 h period, 
using a liquid scintillation counter. Measurements made 
with D-[6-14C]glucose were subtracted from those made 
with D-[1-14C]glucose to correct for CO z liberated via the 
tricarboxylic acid cycle [22]. 
3. Results 
3.1. Selenium dependency of GPX and PHGPX activities 
Separate cultures of murine L1210 cells were grown in 
1% FCS-RPMI medium that either lacked Na2SeO 3 or 
contained Na2SeO 3 in increasing concentrations up to 145 
nM. After approximately 2 weeks under these conditions, 
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with a medium change every 2 days, cells were recovered 
for determination f SePX activities. As shown in Fig. 1A, 
GPX activity of non-supplemented [L. Se( - ) ]  cells was 
relatively low, ~ 10 U /mg protein, and increased progres- 
sively with selenite concentration, maximizing at ~ 240 
U/mg protein at 50-60 nM selenite (L. Se(+) cells). 
Intermediate enzyme activities remained unchanged when 
cultures were sampled at later times than represented in
Fig. 1A, e.g. 2 weeks later. As shown in Fig. 1B, non-Se- 
supplemented L1210 cells grown in 1% FCS/RPMI 
medium expressed PHGPX activity amounting to ~ 1.1 
U /mg protein. Activity increased rapidly with Se supple- 
mentation, maximizing at ~ 4.5 U /mg protein in medium 
containing 10-12 nM selenite. It is clear from these data 
that (a) maximal PHGPX activity is attained at consider- 
ably lower selenite concentrations than maximal GPX 
activity, and (b) loss of GPX activity under Se( - )  condi- 
tions is far greater than that of PHGPX (17-fold vs. 
4-fold). 
In agreement with previous reports [13,23], we found 
that human K562 cells express little, if any, GPX activity 
when grown in the presence of selenite, even at a concen- 
tration of 25 ng/ml, which was far above that necessary to 
elicit full activity in L1210 cells. Actual measured values 
for K.  Se(+) and K.  Se( - )  cells were as follows (U/rag 
protein): 11.8 _+ 0.5, and 12.2 _+ 1.4, respectively (mean _ 
S.D., n = 3). However, PHGPX activity could be detected 
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Fig. 1. Selenoperoxidase activities of L1210 cells grown in the presence 
of increasing concentrations of sodium selenite. L. Se( - )  cells were 
grown in 1% FCS/RPMI medium supplemented with insulin, transferrin 
and antibiotics. One population of cells was maintained under these 
conditions; others were given sodium selenite in increasing concentra- 
tions up to 145 nM. After 12-14 days, cell samples from each of the 
cultures were recovered for determination of GPX activity (A) and 
PHGPX activity (B). Data points are means + S.D. of values from at least 
three determinations at each of the indicated Se concentrations. 
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Fig. 2. Effect of selenium deficiency on t-butyl hydroperoxide cytotoxic- 
ity. L1210 cells (A) and K562 cells (B) grown in 1% FCS/RPMI 
medium without added selenium (Se(- ) )  or with 58 nM selenium 
(Se(+)) were washed once, resuspended in their respective media to a 
concentration f 1.0. 106/ml, and incubated in the presence of t-BuOOH 
at the indicated concentrations. After 24 h, cell survival was assessed by 
clonal assay. Cells are denoted as follows: (A) L. Se(+) (O), L. Se( - )  
(O); (B) K .Se(+)  (A), K .Se( - )  (zx). Values in each group are plotted 
as percentages of clonogenic ells relative to a control incubated for 24 h 
in the absence of t-BuOOH. Data points are means 5: S.D. of values from 
duplicate determinations. 
in K562 cells, and it varied as a function of selenium 
availability. Measured PHGPX values for K.  Se(+) and 
K. Se( - ) cells were as follows (U/rag protein): 8.6 _+ 1.7, 
and 2.2 _ 0.4, respectively (mean _+ S.D., n = 3). This 
confirms earlier results showing that K562 cells express 
PHGPX, but not GPX [13,23]. 
3.2. Effect of selenium deficiency on t-BuOOH cytotoxicity 
Se-deficient L1210 cells were found to be much less 
resistant to a peroxide challenge than Se-satisfied controls. 
Using clonogenic survival assays, we found that the LCs0 
values for t-BuOOH treated L.  Se( - )  and L- Se(+)  cells 
are ~ 15 /zM and ~ 250 /zM, respectively (Fig. 2A). 
Neither of these cell types was inactivated by t-butyl 
alcohol (t-BuOH) in concentrations up to 250 /~M (data 
not shown), confirming that the peroxide function of t- 
BuOOH is required for cytotoxicity. In agreement with 
previous findings [14], these results implicate GPX and/or 
PHGPX in L1210 cytoprotection against he lethal effects 
of t-BuOOH. As shown in Fig. 2B, K.  Se( - )  cells were 
also less resistant o t-BuOOH than K.  Se(+) counter- 
parts, the LCs0 values being ~ 23 /xM and ~ 53 /~M, 
respectively. The far greater sensitivity of K- Se(+) cells 
than L • Se( + ) is attributed to the absence of GPX activity 
in the former. 
3.3. Effect of GPX deficiency on kinetics of GSH oxidation 
Prior to peroxide challenge, L -Se(+)  and L.  Se( - )  
cells were washed with and resuspended in glucose-free 
medium. When the L.  Se(+) cells were exposed to t- 
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Fig. 3. HPLC-EC analysis of glutathione l vels in t-butyl hydroperoxide- 
treated L1210 cells. L. Se( + ) cells (A) and L. Se( -  ) cells (B), each type 
at 5.0-106/ml in 10 mM Hepes/140 mM NaCI (pH 7.4), were analyzed 
for GSH and GSSG before (upper traces) and after (lower traces) 
incubation with 0.2 mM t-BuOOH at 37 ° C. Incubation time was 5 min 
for L- Se( + ) cells and 30 min fi)r L. Se( - ). Peaks at 2-3 min, 5.6 min, 
and 11.0 min represent metaphosphoric a id, GSH, and GSSG, respec- 
tively. Full-scale detector sensitivity was 200 nA over the first 10 min 
and 100 nA thereafter. For L. Se( + ) cells, GSH level (nmol/mg protein) 
was 21.5 before and non-detectable (n.d.) after peroxide; GSSG level was 
n.d. before and 7.1 after peroxide. For L .Se( - )  cells, GSH level 
(nmol/mg protein) was 16.0 bei0re and 11.8 after peroxide; GSSG level 
was n.d. before and 1.8 after peroxide. 
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Fig. 4. Peroxide-induced decay of cellular GSH at different levels of 
selenium supplementation. L1210 cells were grown for 12-14 days in 1% 
FCS/RPMI medium supplemented with insulin, transferrin, antibiotics 
and sodium selenite at the following concentrations (nM): 0 (O); 2.9 
(0) ;  5.8 ( • ); 11.6 ( • ); 28.9 ( • ); 144.5 ( • ). Cells from each of the six 
cultures were washed with 10 mM Hepes/140 mM NaC1 (pH 7.4) and 
resuspended in this buffer to a concentration of 5.0. 106/ml. After 
standing for 1 h at 37 ° C, the cells were incubated in the presence of 20 
/xM t-BuOOH at 20 ° C. At various time points up to 5 min, samples 
containing 5.0.106 cells were recovered for HPLC-EC determination of
GSH. Data points are means ___ S.D. of values from duplicate xperiments. 
BuOOH, there was a rapid decrease in GSH content and 
increase in GSSG content, as measured by HPLC-EC. As 
shown in Fig. 3, a 5 min incubation with 0.2 mM t-BuOOH 
at 37°C resulted in the complete disappearance of GSH 
and reciprocal appearance of GSSG. By contrast, similarly 
treated L. Se( - )  cells exhibited a very slow oxidation of 
GSH such that > 70% remained after 30 min (Fig. 3). No 
change in the steady-state concentration of GSH was ob- 
served in L -Se(+)  or L.  Se( - )  cells that were not 
depleted of glucose prior to peroxide challenge (data not 
shown), presumably because the sugar provided the reduc- 
ing equivalents necessary for rapid regeneration of GSH 
from GSSG, as catalyzed by GSSG-reductase. Readmis- 
sion of glucose during the course of t-BuOOH treatment 
resulted in a prompt return of GSH to its initial concentra- 
tion. As shown in Table 1, the conversion of nearly all of 
the GSH in L .Se(+)  cells to GSSG after a 5 min 
incubation with 0.2 mM t-BuOOH could be completely 
reversed by adding D-glucose (10 mM) to the reaction 
mixture, total GSH equivalents being preserved. Reversal 
and nearly complete recovery of GSH equivalents was also 
observed after 15 min. This, together with the observation 
that trypan blue was completely excluded from the cells 
after 15 min, suggests that no gross lysis had occurred, 
notwithstanding the fact that lethal damage had been in- 
flicted, as measured by clonal assay (cf. Fig. 2A). The 
relationship between Se supplementation, GPX activity, 
and rate of GSH oxidation in L1210 cells exposed to 
t-BuOOH was examined in systematic fashion. As shown 
in Fig. 4, cellular GSH content decreased in apparent 
first-order fashion during t-BuOOH treatment, the rate 
constant increasing with the level of Se supplementation. 
Table 1 
Effect of glucose on glutathione l vels of t-butyl hydroperoxide-treated c lls 
Glutathione (nmol/mg protein) 
System GSH GSSG Total GSH equivalents 
1. Before t-BuOOH 20.6 + 2.8 0.6 + 0.6 21.8 + 4.0 
2. t-BuOOH (5 min) 0.2 + 0.1 11.5 + 0.5 23.2 + 1.1 
3. t-BuOOH (5 min) 
then glucose 21.5 + 1.2 0.5 + 0.5 22.5 + 2.2 
4. t-BuOOH (15 min) 
then glucose 17.5 _ 1.6 0.7 + 0.6 18.9 + 2.8 
L .  Se(+ ) cells (5.0" 106/ml in Hepes-buffered saline) were analyzed for GSH and GSSG content before and after incubation for 5 min with 0.2 mM 
t-BuOOH at 4 ° C. Determinations were carried out by HPLC-EC. Analyses were also performed after cells were incubated for 15 min in the presence of 10 
mM D-glucose subsequent to 5 rrkin or 15 min exposure to t-BuOOH. Values are means + S.D. (n = 3). 
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Table 2 
Modulation of selenium levels in L1210 cells: effects on GPX activity 
and rate of peroxide-induced oxidation of GSH 
Na2SeO 3 GPX activity kos H (min I) 
(nM) (U/mg protein) 
0.0 14+ 1 0.4+0.2 
2.9 23+5 3.0+0.6 
5.8 41 + 17 6.0-t-4.2 
11.6 100+ 16 28.2+3.0 
28.9 167+ 15 135.6+ 16.8 
57.8 237+ 12 ND 
144.5 240-+- 12 151.8___ 17.4 
L. Se(- ) cells were grown in 1% FCS/RPMI medium containing trans- 
ferrin, insulin, antibiotics and sodium selenite at the indicated concentra- 
tions. After 2 weeks, cell samples were removed for GPX activity 
determination. Other samples were centrifuged, resuspended in Hepes- 
buffered saline, and allowed to stand at 37°C for 30 min prior to 
challenging with t-BuOOH (20 p~M). At various intervals, aliquots were 
drawn for HPLC-EC determination of GSH: see Fig. 4 for additional 
details. ND, not determined. 
Calculated values for the apparent rate constant (krs  n) at 
different measured levels of  GPX activity are shown in 
Table 2. A plot of these data (not included) shows that 
krs H increases igmoidal ly with GPX activity, maximiz ing 
at ~ 200 U /mg protein. 
K .  Se(+)  cells exhibited very little GSH oxidation 
when exposed to t -BuOOH under the same conditions as 
L -Se(+)  cells (k~s H < 0.01 min - ] ) .  Thus, it was virtu- 
ally impossible to determine whether GSH oxidation is 
more rapid in K .  Se( + ) cells than in K .  Se( - ) .  
3.4. Kinet ics o f  t -BuOOH catabol ism 
As anticipated from their relative sensitivities to t- 
BuOOH (Fig. 2), L1210 and K562 cells exhibited marked 
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Fig. 5. Catabolism of t-butyl hydroperoxide by L1210 and K562 cells. 
L. Se( + ) and K-Se( + ) cells, each type at a concentration f 1.0.106/ml 
in 1% FCS/RPMI medium containing 58 nM selenite, were incubated 
with t-BuOOH at 37°C. The initial peroxide concentration i  each 
reaction mixture was 0.2 mM. At the indicated times, samples were 
removed, centrifuged, and residual peroxide in the supernatant medium 
was determined by coupled enzymatic assay using GSH, GPX, NADPH, 
and GSSG-reductase. The cells are represented asfollows: L-Se( + ) (O); 
K. Se(+) (•) .  A control, t-BuOOH in cell-free medium, was analyzed 
alongside (•) .  Each point represents he mean + S.D. of values from at 
least three experiments. 
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Fig. 6. Effect of selenium deficiency on metabolic reduction of t-butyl 
hydroperoxide by L1210 cells. L. Se( + ) and L. Se( - ) cells were washed 
with 10 mM Hepes/10 mM D-glucose/140 mM NaCI (pH 7.4) and 
resuspended in this medium to a concentration of 5.0. 106/ml. The cells 
were mixed with t-BuOOH at an initial concentration of 1.0 mM. At 
various intervals during incubation at 37 ° C, samples were removed, 
centrifuged, and the supernatant fluids were subjected to reverse-phase 
HPLC for simultaneous determination f residual t-BuOOH and accumu- 
lating t-BuOH. (A) t-BuOOH; P~ denotes peroxide concentration attime 
t. (B) t-BuOH; A~ and A~ denote alcohol concentration at infinite time 
and time t, respectively. The cells are represented as follows: L. Se(+ )
(0); L. Se(-)  (©). Data points are means_+ S.D. of values from dupli- 
cate determinations in a single experiment. 
differences in ability to metabol ize this peroxide. Using 
1 .0 .106 ce l l s /ml ,  0.2 mM peroxide and a coupled enzy- 
matic assay for peroxide analysis, we found that L • Se( + ) 
cells, which express both GPX and PHGPX,  reduce t- 
BuOOH ~ 20-times more rapidly than K .  Se(+)  cells, 
which express only PHGPX (Fig. 5). The apparent first- 
order rate constant for t -BuOOH decay was 5 .5 .  
10 -2 min J for L - Se(+)  cells and 2.8 • 10 3 min -  l for 
K .  Se( + ) cells. 
The ability of  L1210 cells to metabol ize t -BuOOH was 
severely depressed by Se deprivation. Using 5.0.  106 
ce l l s /ml ,  1.0 mM peroxide and HPLC-EC for analysis, we 
found that t -BuOOH concentration decreased in apparent 
first-order fashion, the rate constant for L .  Se(+)  cells 
(4.1 • 10 2 rain-L)  being ~ 30-times greater than that for 
L .  Se( - )  cells (1.3 • 10 -3 min l) (Fig. 6A). Disappear- 
ance of  t -BuOOH was accompanied by stoichiometric 
formation of t -BuOH, the apparent first-order rate con- 
stants being 3.8 - 10 -2 min -~ and 1.8 • 10 -3 min -1 for 
L .  Se(+)  and L -  Se( - )  cells, respectively (Fig. 6B). The 
rates of  hydroperoxide loss and alcohol formation were 
found to be strictly proportional to cell concentration (data 
not shown). It is important to note that there was a 
reasonably good correspondence between eff iciency of  
t -BuOOH catabolism by L • Se( + ) vs. L - Se( -  ) cells and 
the relative GPX activity of  these cells. 
We have also shown that K562 cells metabol ize t- 
BuOOH more slowly when made Se-deficient. Under the 
conditions used (1 .0 .107 ce l l s /ml ,  0.2 mM t-BuOOH, 
37 ° C), the rate constant for peroxide loss was found to be 
2.7 • 10 -2 min -  l for K .  Se(+)  cells and 7.0 • 10 -3 min - l  
for K .  Se( - )  cells (data not shown). The ~ 4-fold differ- 
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Fig. 7. Stimulation of hexose monophosphate shunt activity by t-BuOOH 
in Se-deficient vs. Se-satisfied cells. L1210 cells (A) and K562 cells (B), 
each type at 1.0. 106/ml in Dulbecco's PBS containing 2.0 mM D-[I- 
lac]glucose (0.01 /xCi/ml), were challenged with t-BuOOH. The initial 
peroxide concentration was 220 izM in (A) and 85 /.LM in (B). The 
sealed flasks were incubated at 37°C with intermittent swirling. At the 
indicated times, reactions were terminated by adding H2SO4, and the 
collected 14C-carbonate was determined by scintillation counting. Cells 
are represented asfollows: L .Se(+)  (0) ;  L .Se( - )  (©); K .Se(+)  (A); 
K -Se( - )  (z x). Each experimer~tal value was corrected for zero-time 
radioactivity (barely above background), which was obtained by quench- 
ing metabolism immediately after adding t-BuOOH. The 60-min CO 2 
values (nmol/mg protein) were as follows when D-[6-1ac]glucose was 
substituted for D-[ l- 14 C]glucose: 9.4 + 0.6 and 1.9 + 0.5 for L. Se( + ) and 
L- Se( - )  cells, respectively; 6.8 :+ 2.9 and - 0.5 + 0. l for K. Se(+) and 
K. Se( -  ) cells, respectively. Data points are means _+ S.D. of values from 
duplicate xperiments. 
ence in these values approximates the difference in PHGPX 
activity of K.  Se(+ ) vs. K • Se(-) cells, consistent with the 
idea that these cells rely oll PHGPX for peroxide detoxifi- 
cation. 
3.5. Selenium dependency of t-BuOOH-stimulated HMS 
activity 
confirming that the response is peroxide dependent. It is 
significant hat the rate of peroxide-induced CO 2 produc- 
tion with L.  Se(+) cells exceeded that with L.  Se( - )  
cells by ~ 17-fold, since this approximates the observed 
difference in t-BuOOH decay kinetics for these cells (Fig. 
6), as well as the difference in GPX activity (Fig. 1). We 
deduce that over the 1-h period represented in Fig. 7A, 
essentially all of the measured CO 2 derived from HMS 
activity, since no significant ~4CO2 was detected when 
D-[6-14C]glucose was used. This was corroborated by 
showing that the ratio of t-BuOOH consumption rate to 
CO 2 evolution rate (At-BuOOH/ACO 2) was 2.25 + 0.41 
(mean __+ S.D., n = 10), which is close to the predicted 
value of 2.0 [22]. 
Fig. 7B shows the time course of 14CO2 generation 
from D-[1-14CO2]glucose for peroxide-treated K -Se(+)  
and K.  Se( - )  cells. For K.  Se(+) cells, CO 2 increased 
linearly over the first 20 min, but slowed thereafter, possi- 
bly because these cells were relatively sensitive to oxida- 
tive damage and metabolic inactivation (cf. Figs. 2 and 5). 
The initial rate of CO 2 evolution by K562 cells was very 
low compared with that of L1210, i.e. 0.8 nmol/min per 
mg protein and ~ 0.02 nmol/min per mg protein for 
K.  Se(+ ) and K.  Se( - )  cells, respectively (Fig. 7B). The 
small (~  14%) response of K.  Se(+) cells compared with 
L - Se( + ) cells (cf. Fig. 7A) is attributed to the absence of 
GPX activity in the former. However, since K.  Se(+) 
cells express PHGPX, the observed effect of Se deficiency 
on HMS response (Fig. 7B) is consistent with the idea that 
this enzyme is prominently involved in peroxide detoxifi- 
cation by these cells. The apparent 40-fold difference in 
initial CO 2 release by K.  Se(+) vs. K" Se( - )  cells is 
much larger than predicted from consideration of their 
relative PHGPX activity. This discrepancy is attributed to 
the rather large uncertainties in the low CO 2 values mea- 
sured for K .  Se( - )  cells. 
Peroxide-challenged cells are known to mobilize HMS 
activity in an effort to regenerate NADPH for sustained 
recycling of GSSG to GSH by GSSG-reductase [24]. 
Therefore, it was of interest in the present work to com- 
pare the HMS response of L1210 and K562 cells under a 
peroxide stress and how this response would be affected 
by SePX deficiency. HMS activity was determined in the 
customary manner [21,22] by monitoring 14CO2 generation 
from D-[1-14C]glucose and correcting for any tricarboxylic 
acid cycle-derived 14CO2 by substituting D-[6-~4C]glucose. 
Fig. 7A shows time courses for the release of ~4CO2 from 
D-[1-14C]glucose during i~cubation of L.  Se(+) and L.  
Se( - )  cells with 0.22 mM t-BuOOH at 37 ° C. For both 
cell types, CO 2 accumulated in linear fashion out to at 
least 60 min, the rate of release being 5.5 nmol/min per 
mg protein for L.  Se(+) cells and 0.3 nmol/min per mg 
protein for L -Se( - )  cell,;. No CO 2 was detected when 
t-BuOH was substituted for t-BuOOH (data not shown), 
4. Discussion 
Although involvement of glutathione cycle activity in 
cytoprotection against oxidative stress has long been rec- 
ognized [24,25], few investigators have attempted to corre- 
late selenium status with oxidant oxicity, oxidant detoxifi- 
cation, GSH turnover, and HMS stimulation within a 
single study. The availability of cell lines that express 
stable levels of SePX activity as a function of Se supply 
has allowed us to examine these relationships in a well-de- 
fined, systematic fashion. In an earlier, less extensive study 
along these lines, we focused on the effects of Se defi- 
ciency on t-BuOOH cytotoxicity and t-BuOOH detoxifica- 
tion, using a single cell line, murine L1210 [14]. Cytotoxic- 
ity of t-BuOOH was found to be enhanced not only by Se 
depletion, but also by GSH depletion and GSSG-reductase 
inactivation [14]. We have now confirmed that Se-deficient 
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L 1210 cells are more sensitive to t-BuOOH-induced killing. 
Correspondingly, these cells metabolize and detoxify t- 
BuOOH less efficiently. Based on relative LCs0 values, we 
have found t-BuOOH to be 15-20-times more toxic to 
L.  Se( - )  cells than to L.  Se(+). The good agreement of 
this value with the ~ 17-fold greater GPX activity in 
L • Se( + ) cells and the ~ 20-fold greater ability to reduce 
t-BuOOH implies that these cells depend primarily on 
GPX for cytoprotection against -BuOOH. This is a rea- 
sonable deduction based on the following consideration. 
Although Se-satisfied L1210 cells express both GPX and 
PHGPX, the former is at least 10-times more active on 
t-BuOOH than the latter [6] and is probably more abundant 
in these cells as well [2]. In studying SePX activity as a 
function of Se supplementation, we found that maximiza- 
tion of GPX requires a Se concentration that is at least 
5-times higher than that required for maximization of 
PHGPX. Moreover, the fractional retention of PHGPX 
activity under Se( -  ) vs. Se( + ) conditions was far greater 
than that of GPX. The time course of SePX expression in 
L.  Se( - )  cells given a saturating concentration of Se was 
not examined. However, when such an experiment was 
carried out on basophilic leukemia (RBL-1) cells [26], it 
was found that PHGPX activity increases and maximizes 
much more rapidly than GPX activity. Another study [27] 
showed that in Se-deprived rats, the activity of GPX in 
various tissues decreases more rapidly than that of PHGPX. 
One possible explanation for these results [26,27] and 
those that we describe is that PHGPX synthesis is more 
responsive to available Se than GPX synthesis. However, 
the actual biochemical basis for the observed ifferences 
remains to be established. 
K562 cells express PHGPX, but not GPX [13,23]. 
Therefore, our finding that t-BuOOH is more toxic to these 
cells in the Se-deprived state suggests a dependence on 
PHGPX for cytoprotection against his peroxide. This de- 
pendence might not be an exclusive one, since tumor cells 
can express many different selenoproteins, some of which 
may be peroxidases other than GPX or PHGPX [23,28]. 
However, we have observed a good quantitative agreement 
between relative efficiency of t-BuOOH catabolism and 
relative PHGPX activity for K.  Se(+) vs. K.  Se( -  ) cells. 
This suggests that PHGPX plays a dominant role in the 
reductive detoxification of t-BuOOH, resulting in cytopro- 
tection. Compared with GPX, PHGPX is not widely recog- 
nized as an antioxidant enzyme with cytoprotective poten- 
tial. The present findings, along with earlier evidence that 
PHGPX protects K562 cells against photooxidative stress 
[13], demonstrate hat this enzyme can play an important 
antioxidant role. As first determined in non-cellular model 
systems [6-8], PHGPX, unlike GPX, can reduce and 
detoxify a wide variety of low polarity hydroperoxides, 
including cholesterol and phospholipid hydroperoxides in
cell membranes. Although t-BuOOH is not a particularly 
good substrate for PHGPX [6], we believe that the primary 
function of PHGPX in these experiments was to detoxify 
t-BuOOH (see above) rather than any cellular peroxides 
that may have arisen secondarily. 
For both L1210 and K562 cells, we found that Se 
deficiency results in a greatly diminished HMS response 
under t-BuOOH challenge. The weaker stimulation for 
L.  Se( - )  or K.  Se( - )  cells is consistent with their ob- 
served lower SePX activity and slower peroxide 
metabolism. A possible trivial explanation for our results is 
that Se deficiency elicited some kind of intrinsic defect in 
HMS metabolism, i.e. a defect not linked to glutathione 
cycle activity. Although we have not ruled it out in our 
system, such a possibility seems unlikely given the highly 
selective ffects of Se manipulation. Moreover, Speier et 
al. [9], using conditions similar to those we describe, 
showed that differentiated Se( - )  HL-60 cells exhibit a 
weakened HMS response when stimulated to generate 
H202, but a normal response when exposed to methylene 
blue, which oxidizes NADPH independently of the glu- 
tathione cycle. 
When L1210 cells in RPMI medium containing ~ 11 
mM D-glucose were exposed to a lethal concentration of 
t-BuOOH (e.g. 0.2 mM), no significant change in the 
GSH/GSSG ratio was observed over a 15 min period, 
indicating that the rate of GSH oxidation was matched 
throughout by the rate of GSSG back-reduction. In order to 
observe a net decay of GSH content, it was necessary to 
suppress GSSG recycling. Our approach was to rapidly 
deplete cells of glucose before challenging with peroxide. 
This presumably prevented rapid HMS-mediated regenera- 
tion of NADPH (catalyzed by glucose-6-P dehydrogenase 
and 6-phosphogluconate d hydrogenase), allowing us to 
observe a progressive first-order loss of GSH, with recip- 
rocal accumulation of GSSG. It is interesting to note that 
GSH loss after exposing L.  Se(+) cells to 0.2 mM t- 
BuOOH for 15 min could be reversed nearly completely 
by reintroducing D-glucose. This indicates that there was 
no substantial efflux of GSSG from the cells, and that the 
short period during which virtually all of the glutathione 
existed as GSSG, did not impair cellular ability to restore 
the GSH pool. It remains to be seen whether this transient 
shift in GSH/GSSG ratio might have affected cells in 
some fashion other than by slowing their ability to detox- 
ify the primary oxidant. It is apparent that for glucose- and 
Se-satisfied L1210 cells, a massive oxidative stress would 
be required in order to disrupt the redox balance via 
SePX-dependent oxidation of GSH. This, together with the 
fact that GSH oxidation rate is strictly proportional to GPX 
activity, whereas the latter correlates inversely with t- 
BuOOH toxicity, suggests that the rate of GSH oxidation 
per se is not a good measure of cell injury. It can reflect 
oxidant stress 'imposed' by some oxidants and can affect 
cell function, but does not reflect he primary event leading 
to irreversible injury. Similar conclusions have been 
reached for Se-modulated alveolar macrophages [29], based 
on an observed inverse relationship between rate of 
NADPH decay and extent of cell survival. 
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An additional noteworthy observation relates to the 
effect of Se deficiency on the kinetics of GSH oxidation in 
L1210 cells under peroxide stress. Whereas GPX activity, 
rate constant for t-BuOOH detoxification, and initial rate 
of CO 2 production all differed by a factor of ~ 20 for 
L -Se(+)  vs. L.  Se( - )  cells, the apparent rate constant 
for GSH oxidation differed by a factor of ~ 350 (Table 2). 
A plausible explanation for this difference is that in the 
absence of glucose and at very low SePX activities, sources 
other than the HMS provided a limited supply of NADPH 
for GSH regeneration, thereby causing a slower GSH 
decay than would otherwise have been expected. Alternate 
sources of NADPH might include isocitrate dehydro- 
genase- or malic enzyme-catalyzed reduction of NADP ÷ 
in the cytosol, or transhydrogenase-catalyzed reduction of 
NADP ÷ in mitochondria. 
It is significant hat neoplastic ell lines were used in 
this study, since there is considerable interest in how such 
cells might cope with therapeutic oxidative stress imposed 
by various drugs, e.g. anthracyclines such as doxorubicin 
and daunorubicin [30,31], ionizing radiation [32], or photo- 
sensitizing agents [12,13]. Of added interest is how tumor 
cells resist natural eradication by activated immune cells, 
which produce H202 as an important cytotoxic intermedi- 
ate [33]. An early study concerned with antioxidant de- 
fenses showed that there was no clear correlation between 
the GPX, catalase, or GSSG-reductase activity of six 
murine tumor lines and resistance to H202-induced killing 
[33]. However, cellular GSH content did correlate posi- 
tively with peroxide resistance. Moreover, blocking GSH 
regeneration by inhibiting GSSG-reductase or GSH synthe- 
sis by inhibiting y-glutamylcysteine synthetase [24] aggra- 
vated the toxic effects of H202 or activated macrophages 
[33]. GPX-deficient umor cells isolated from Se-deficient 
animals were also shown to be more sensitive to H202- or 
macrophage-induced killing, thereby directly implicating 
this enzyme (the only known SePX at the time) in GSH- 
dependent cytoprotection [33]. Numerous other studies have 
demonstrated that endogenous GSH protects tumor cells 
against drug- or radiation-induced oxidative injury [24], 
but fewer studies have ,;pecifically examined SePX in- 
volvement by altering Se availability at the cellular level 
[9-11]. By using this approach with cultured leukemia 
cells, we learned in earlier work that Se deficiency severely 
enhances the cytotoxic effects of exogenous and endoge- 
nous hydroperoxides [12--15]. These effects were corre- 
lated with GPX and/or PHGPX insufficiency, since this 
activity was drastically reduced, whereas all other mea- 
sured antioxidant levels were unchanged, with the excep- 
tion of catalase and GSH, which were elevated [34]. Other 
workers have demonstrated a strong correlation between 
elevated GPX activity in human tumor cells and resistance 
not only to H202, but al:~o to doxorubicin. For example, 
doxorubicin-resistant MCF-7 breast umor cells were found 
to express much more GPX activity and GPX mRNA than 
normal controls, whereas GSH and catalase levels were 
unchanged or slightly decreased, respectively [31]. Other 
workers have shown that human sarcoma cells with inher- 
ent doxorubicin resistance contain normal levels of the 
drug-effiuxing P-glycoprotein, but higher than normal ev- 
els of GSH and GPX [35]. These [31,35] and related [30] 
findings suggest hat elevated GPX can elicit (or enhance) 
doxorubicin resistance by accelerating the removal of H 2 02 
generated via redox cycling. It is clear that in many tumor 
cells, cytoprotection against oxidant-producing drugs may 
be mediated to a significant extent by SePX(s) and ele- 
ments of the glutathione cycle. Experiments such as those 
described in this paper could add new insights into this 
mode of drug resistance. 
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